.
Water deficit (WD) is one of the main environmental stress factors affecting crops and global food security. WD is defined as an imbalance between water availability in the soil and evaporative demand due to environmental conditions (Tardieu et al., 2011) . Plant responses to WD depend on the WD scenario used in an experiment (Tardieu and Tuberosa, 2010; Tardieu, 2012) . Skirycz et al. (2011) compared the responses to severe progressive drought and mild constant WD in several Arabidopsis (Arabidopsis thaliana) mutants and concluded that the results from a particular WD scenario cannot be used to predict the results from another scenario. Plant survival under stress and limited growth under mild WD are not equivalent; thus, the acute response and acclimation need to be considered separately (Tardieu, 1996; Skirycz and Inzé, 2010) . Harb et al. (2010) observed biochemical similarities between the response to severe progressive WD and the early response to mild constant WD. However, the response during the acclimation phase was considerably less extensive than that during acute stress. Studies of plant acclimation to WD are labor intensive because they require frequent monitoring and correction of soil water content. Thus, it is essentially impossible to manually perform acclimation experiments on multiple plants at the same time. For plants grown in pots, this problem was solved by the development of plant phenotyping platforms such as PHENOPSIS (Granier et al., 2006) and WIWAM (Skirycz et al., 2011) , which enable automatic maintenance of soil water content and automated measurements of multiple plant traits (see also Tisné et al., 2013) . These and other phenotyping platforms are capable of supporting reproducible experiments on multiple plants in parallel.
The majority of studies on water deprivation responses in Arabidopsis were performed using the Col-0 accession and derivative mutant lines. Therefore, the question arose whether the gathered knowledge is applicable to other members of the Arabidopsis genus and further to other wild species and crops (Des Marais et al., 2012) . Single gene knockout analyses are useful, but for studies of complex multigenic traits, such as growth or WD tolerance, it is often desirable to use sets of natural accessions instead of individual mutant lines (Koornneef et al., 2004) . Thousands of natural Arabidopsis accessions are available in public stock centers and, presumably, are adapted to different environmental conditions (Weigel, 2012) . In accordance with the large natural genetic variability, the responses to WD were reported to vary greatly between accessions (Granier et al., 2006; Bouchabke et al., 2008; Vile et al., 2012) . Natural variation in Arabidopsis has been used in multiple genome-wide association studies aimed at identifying genomic regions linked to the morphophysiological WD response. These studies were carried out using either Arabidopsis accessions (Verslues et al., 2014; Bac-Molenaar et al., 2015 or recombinant inbred lines derived from genetically distant parental accessions (El-Soda et al., 2015; Lovell et al., 2015) and resulted in the identification of multiple loci associated with responses to WD.
Most of our knowledge regarding Arabidopsis gene expression under WD conditions is derived from small-to medium-scale severe dehydration experiments (for review, see Osakabe et al., 2014) . Although automated plant phenotyping platforms facilitate the investigation of constant WD responses, few studies have evaluated the natural variation of the response at the molecular level, and most of them implemented relatively short periods of acclimation (Des Marais et al., 2012; Clauw et al., 2015 Clauw et al., , 2016 .
Most drought-responsive transcript levels in Col-0 change at the start of constant WD, but these responses decline rapidly (Harb et al., 2010) . The kinetics of molecular acclimation to WD have not been examined in other Arabidopsis accessions. Using a set of 17 accessions, however, Des Marais et al. (2012) examined WD responses and observed a relationship between changes of gene expression levels during acclimation and ACGT-containing abscisic acid (ABA) response element variants in gene promoters, suggesting that molecular acclimation may be driven largely by the stress hormone ABA.
Advances in whole-transcriptome profiling have allowed the analysis of links between the regulation of gene expression and phenotypic variation (Hansen et al., 2008; Lowry et al., 2013; Lovell et al., 2015) . Potential relationships between physiological and molecular responses to WD have been evaluated in different plant species using high-throughput methods such as mRNA sequencing and microarrays (Des Marais et al., 2012; Rengel et al., 2012; Clauw et al., 2016) . However, direct correlations between specific transcript abundances and morphophysiological responses have yet to be identified (Clauw et al., 2016) . Little is also known about gene expression and its morphophysiological consequences during later phases of acclimation to WD conditions. Knowledge of these processes could generate useful applications, such as gene expression-based markers for assessing plant physiology or predictive models of plant WD responses (Yang et al., 2011; Marchand et al., 2013) .
This study investigated the long-term acclimation to constant WD at the morphophysiological and molecular levels in 18 Arabidopsis accessions isolated from different natural habitats that displayed differences at the transcript level of the drought response-related marker ANNEXIN (ANN1) in the absence of stress treatments. Plants subjected to two severities of constant WD, in addition to well-watered (WW) controls, were phenotyped using the PHENOPSIS phenotyping platform (Granier et al., 2006) . We measured a large subset of plant traits related to plant growth and water use to analyze the WD effects. In parallel, we performed expression analyses of a set of 16 genes related to physiological responses to WD. Contrary to most published studies, the transcript levels were analyzed after a long acclimation period using plant material collected before dawn to minimize the effect of circadian oscillations on transcript levels (Baerenfaller et al., 2012) . Our results revealed that different accessions displayed different types of acclimation responses to long-term WD and that morphophysiological responses were closely linked to expression levels of stress-response genes. These findings may be useful in the development of expression markers for the morphophysiological WD response.
RESULTS

Response of Arabidopsis Col-0 Accession to WD
Arabidopsis plants were cultivated in individual pots under three watering regimes: WW, moderate water deficit (MWD), and severe water deficit (SWD). In the dry soil after the appearance of the first two true leaves. Fluctuations in soil humidity correspond to diurnal water loss via plant transpiration and evaporation from soil. Gray-shaded areas indicate periods of gravimetric water loss measurements (see "Materials and Methods"). Zenithal images of Col-0 rosettes from all three conditions highlight differences in rosette development between conditions at bolting (stage 5.10).
case of WD-treated plants, soil water content was adjusted at the start of the formation of the first true leaves and was maintained at a constant level until the reproduction phase (Fig. 1) . Essentially all morphophysiological traits measured for the Col-0 accession were significantly affected by both WD regimes (Table  I) . Low soil water content reduced the growth rate by 35% in MWD and 80% in SWD, diminished rosette dry weight by 41% in MWD and 64% in SWD, reduced the transpiration rate by 26% in MWD and 27% in SWD, and decreased rosette water content by 2.4% in MWD and 5.7% in SWD. Leaf rosettes were more compact under WD than under WW conditions; the laminapetiole ratio increased by 27% in MWD and 48% in SWD. The time interval between germination and flowering increased by 21% in SWD but did not change in MWD. The final number of leaves, leaf temperature, relative water content, and stomatal density were not affected by any of the WD conditions.
Natural Variation of Responses among Arabidopsis Accessions to WD
To assess the natural variation in WD responses, we chose 18 Arabidopsis accessions from different geographical zones that were selected from 94 available accessions primarily on the basis of their ANN1 expression levels in nontreated seedlings (Supplemental Table S1 ; Supplemental Fig. S1 ). The ANN1 gene is a well-established marker of the WD response in Arabidopsis (Konopka-Postupolska et al., 2009; Lu et al., 2015) , and its expression was persistently elevated in Col-0 plants grown under conditions similar to those Table II . Partitioning of phenotypic variance among accessions subjected to three watering conditions
The level of significance (ns, nonsignificant; *, P , 0.05; **, P , 0.01; and ***, P , 0.001) and the percentage of variance explained (SS x /SS total ) are indicated for each parameter (accession and soil water content) and for their interaction (accession 3 soil water content). Degrees of freedom are indicated in parentheses. Hypotheses were tested using F ratios from type III mean squares for each ANOVA. Nonsignificant terms are reported but not included in the final model. we applied in our previous report (Baerenfaller et al., 2012) . In this study, we selected a group of accessions that showed different levels of expression of this stressrelated gene in the absence of WD treatment. We tested the effects of accession, soil water content, and the accession 3 soil water content interaction on variance partitioning using all traits and accessions (Table II) . We observed that the accession effect was significant for most of the traits, suggesting a high dependence of the trait value in WD on the value under the WW regime. The accession 3 soil water content interaction was detected for all traits except for leaf temperature and water content, reflecting differences in the WD response between accessions. These differences are well illustrated by the observed variations in the projected rosette area (Fig. 2) . Although projected rosette area decreased in essentially all studied accessions, some displayed low-level responses to both WD conditions (e.g. An-1 and Est-1; Fig. 2 ).
Plant responses were quantified as response ratios (i.e. logarithmized ratios of means under WD and WW conditions), which varied significantly among the 18 accessions and confirmed the effect of accession 3 soil water content interaction detected in the ANOVAs (Fig. 3) . We conducted Wilcoxon signed-rank analyses to test response trends in all accessions by assessing the difference between the median response ratio and zero. Most traits associated with rosette size (rosette dry weight, total leaf area, projected rosette area, and growth rate) tended to decrease under MWD and SWD conditions (P , 0.001). Traits associated with rosette and epidermal architectures (lamina-petiole ratio and stomatal density) tended to increase under MWD and SWD conditions (P , 0.001). Transpiration rate and water content tended to decrease in most accessions under MWD and SWD conditions (P , 0.001). As mentioned earlier, relative water content in Col-0 did not respond to either WD regime. By contrast, it decreased when all accessions were used (P MWD = 0.009 and P SWD , 0.001). Leaf dry matter content increased significantly under MWD and SWD conditions (P , 0.01). Leaf temperature did not change significantly under MWD conditions (P = 0.09) but increased significantly under SWD conditions (P = 0.04). The final number of rosette leaves did not respond to MWD conditions (P = 0.46) but decreased significantly under SWD conditions (P = 0.005). Flowering time tended to increase under MWD conditions (P = 0.01), but the response was substantially higher under SWD conditions (P , 0.001). Overall, SWD had a greater effect on the studied morphophysiological traits.
Principal component analysis (PCA) was performed to evaluate how MWD and SWD affect the measured traits globally and to identify relationships between them. The first three principal components explained 39%, 28.4%, and 10% of the total variance when absolute values were analyzed (Fig. 4A ). Traits associated with plant size (rosette dry weight, final number of leaves, and projected and total leaf areas) contributed primarily to the principal component 1 (PC1) axis, whereas traits associated with transpiration and water status (transpiration rate, leaf dry matter content, and water content) contributed primarily to the principal component 2 (PC2) axis. Relative water content loaded strongly on the principal component 3 (PC3) axis (see principal component loadings in Supplemental Table  S2 ). The projection of individual accessions displayed significant discrimination between growth conditions (P = 0.001). The centroid positions of the three groups based on watering conditions confirmed that MWD and SWD reduce plant size, growth rate, water content, and transpiration rate and increase leaf dry matter content. Plant traits were more severely affected by SWD than MWD. The absolute values of morphophysiological traits were strongly correlated, including relationships between size-related traits and traits associated with water use, suggesting a considerable allometric scaling effect (Supplemental Fig. S2 ).
We also conducted PCA on the plant response ratios for MWD and SWD. The first four principal components explained 36.9%, 18.9%, 17.2%, and 7.9% of the total variance (Fig. 4B) . Responses of traits associated with plant size contributed primarily to the PC1 axis. Traits associated with leaf water status (water content and leaf dry matter content) contributed to the PC2 and PC3 axes. This result suggests that traits responded consistently within groups related to size and water status but that these groups behaved differently from each other. The projection of the individual accessions displayed high variability, although permutation testing confirmed significant differences between MWD and SWD (P = 0.001). To identify groups of accessions that responded similarly to WD treatments, we performed k-means clustering analysis. Clustering was Three variables (i.e. leaf number, leaf dry matter content, and transpiration rate) were ln transformed before analysis to improve the normality of their distributions. Ellipses conducted for the PC1:PC2 and PC1:PC3 planes. The clustering pattern on the PC1:PC2 plane differed only slightly between MWD and SWD. Clusters 1 and 2 were separated from each other primarily on the PC2 axis. WD induced larger reductions in water content and transpiration rate in accessions from cluster 2 than in accessions from cluster 1. Cluster 3 contained An-1 and Est-1 in MWD and An-1, Est-1, and Ga-0 in SWD. Clusters 2 and 3 were primarily separated from each other on the PC1 axis, suggesting that cluster 3 accessions underwent an extremely small decrease in rosette size despite the large reduction in water content. The PC1:PC3 plane displayed similar clustering patterns, but cluster content differed due to the higher weight of relative water content and the final number of leaves in the separation of clusters 1 and 2.
In summary, PCA results suggested that trait responses associated with plant size were generally different from trait responses associated with water management. These two components drove most of the variation. Accessions with similar trait responses were grouped into clusters, which displayed different response strategies to WD in terms of size reduction and the maintenance of rosette water content. We also identified three accessions (An-1, Est-1, and Ga-0) that displayed minimal reductions in shoot size under WD conditions; thus, they can be considered as WD tolerant. Besseau et al., 2007; Székely et al., 2008; Harb et al., 2010; Colebrook et al., 2014) , response to sugar starvation (N-MYC DOWNREGULATED-LIKE1 [NDL1] and CYTOCHROME P450 [P450]; Mudgil et al., 2009 Mudgil et al., , 2013 Hummel et al., 2010) Li et al., 2008; Alexandersson et al., 2010; Jaradat et al., 2013) , and calcium fluxes (ANN1 and ANN2; Cantero et al., 2006; Konopka-Postupolska et al., 2009; Wang et al., 2015) . Reference genes for quantitative PCR (qPCR) analyses were chosen from the set of superior genes for transcript normalization proposed by Czechowski et al. (2005) , and four genes (PROTEIN PHOSPHATASE2A SUBUNIT A3, PEROXIN4 [PEX4], UBIQUITIN-PROTEIN LIGASE7, and YELLOW-LEAF-SPECIFIC GENE8) were finally selected for normalization of transcript levels.
Gene Expression Responses to WD
Under our experimental conditions, changes in gene expression levels varied greatly among accessions. The levels of most transcripts were either increased or decreased under WD conditions, depending on the accession (Fig. 5) . We used Wilcoxon signed-rank tests to identify significant trends in gene expression. Only a few transcripts displayed consistent behavior in response to WD. The expression level of ANN1 increased in most accessions under MWD and SWD conditions (P MWD , 0.001 and P SWD , 0.001) and provided the clearest trend with respect to the response to both WDs. SWD attenuated the expression levels of GA2OX6 (P , 0.001) and P450 (P = 0.0013). APX1 expression increased under MWD (P = 0.0019) but not SWD conditions. We also observed slight but significant up-regulation of HSP70 (P MWD = 0.024 and P SWD = 0.027), CHS (P MWD = 0.027), and NFYA5 (P MWD = 0.043). Reference genes displayed relatively stable expression between accessions and watering regimes.
Relationships between Gene Expression and Morphophysiological Responses to WD
We performed coexpression analyses to evaluate correlations between gene expression responses under MWD and SWD conditions (Fig. 6A) . The strongest bivariate correlation was observed for ANN1 and GPX3 expression (r = 20.72). Correlations also were observed for NCED3, which is involved in ABA biosynthesis and was coexpressed with RAB18 under MWD conditions (r = 20.65) and with RD29A under both MWD and SWD conditions (r MWD = 20.41 and r SWD = 20.60). Both transcripts are known to be highly responsive to ABA treatment. The responses of RAB18 and CHS expression also were positively correlated under MWD and SWD conditions (r MWD = 0.59 and r SWD = 0.53). The gene expression responses of CHS, GA2OX6, and NDL1 to correspond to inertia ellipses of each group. Each ellipse is centered on the group mean, and its dimensions are 1.5 times the SD of the coordinates on the axes. The covariance sets the slope of the main axis (Thioulouse et al., 1997) . B, Representation of traits (left) and individuals (right) from PCA performed on response ratios of morphophysiological traits considering the two WD treatments. Top parts correspond to the PC1:PC2 plane and bottom parts correspond to the PC1:PC3 plane. Ellipses show the results of k-means clustering (k = 3). Numbers in ellipses indicate different clusters obtained for MWD (red ellipses) and SWD (gray ellipses) treatments.
SWD were moderately correlated with each other (r # 20.53 or r $ 0.55).
We observed numerous relationships between different morphophysiological responses to WD (Fig. 6B) . The response ratios of size-related traits (rosette dry weight, total leaf area, and final number of leaves) were strongly correlated with each other. The response ratios of water content and leaf dry matter content also were strongly correlated with each other (r # 20.81) and with the response of rosette dry weight under MWD and SWD conditions (r # 20.45 or r $ 0.64). The response ratio of flowering time was moderately correlated with those of leaf dry matter content and water content under SWD conditions (r LDMC = 0.54 and r WC = 20.54). These results suggest that accessions that did not show a large reduction in rosette size under WD were affected by a more pronounced decrease in rosette water content, which might have resulted in the postponement of flowering.
All correlations between gene expression changes and morphophysiological responses to MWD and SWD are presented in Figure 7 . The correlation matrices obtained for MWD and SWD differed, with more relationships observed in the response to SWD. To decrease the number of comparisons, we selected correlations in Pearson's tests that involved three morphophysiological traits: projected rosette area as an indicator of plant size, and transpiration rate and water content as measures of water management. We focused on transcript/trait pairs that displayed relatively strong relationships based on Spearman's rank correlation coefficient. The response ratio of projected rosette area was highly correlated with those of CHS, GA2OX6, and NDL1 expression (Fig. 8) . Under MWD conditions, the correlation was statistically significant only for NDL1 expression (r = 20.50, P = 0.034; Fig. 8A ). Under SWD conditions, the correlation was significant for NDL1 (r = 20.75, P , 0.001), GA2OX6 (r = 20.77, P , 0.001; Fig. 8B ), and CHS (r = 0.62, P = 0.0059; Fig. 8C ) expression. It is worth noting that these three genes code for proteins previously reported to be involved in auxin and GA signaling (Besseau et al., 2007; Mudgil et al., 2009; Colebrook et al., 2014) ; thus, they are likely to be involved in the regulation of plant growth. We observed linear relationships for these and other transcripts despite the fact that accessions displayed both positive and negative responses to WD.
Changes in the transpiration rate were positively correlated with the response ratio of MYB44 and ANN2 expression (Fig. 9) . Although the correlation between transpiration rate and MYB44 expression was significant only under SWD conditions (r = 0.53, P = 0.024; Fig.  9A ), it was relatively strong, but insignificant, under MWD conditions (r = 0.45, P = 0.064). MYB44 codes for a transcription factor previously associated with ABA signaling, stomatal movement, and transpiration processes (Jaradat et al., 2013) . By contrast, transpiration rate and the response of ANN2 expression were significantly correlated under both MWD (r = 0.63, P = 0.005) and SWD (r = 0.50, P = 0.034) conditions (Fig. 9B) . The water content response was positively correlated with the response ratio of NCED3 expression under MWD (r = 0.54, P = 0.02) and SWD (r = 0.64, P = 0.0046) conditions (Fig. 9C) , providing a link between the synthesis of ABA and leaf water status. The Ga-0 water content displayed an extremely high response to SWD; exclusion of this accession improved the relationship (r = 0.74, P , 0.001). The correlation between the leaf dry matter content response and the response ratio of NCED3 expression showed a similar relationship (Fig.  7) . These combined results indicate that morphophysiological changes in response to WD are correlated with gene expression changes. However, it is not clear whether the morphophysiological response is driven directly by changes in the expression levels of these genes or whether the opposite is true. We cannot exclude either of these possibilities at the present time.
Relationships between Morphophysiological Responses to WD and Gene Expression Levels under Different Watering Regimes
In order to identify molecular markers for morphophysiological responses, we evaluated the relationships between the response ratios of morphophysiological traits and gene expression levels under WD and WW conditions. When the relative gene expression levels from WD conditions were analyzed, we observed strong relationships between morphophysiological responses (water content and transpiration rate) and gene expression levels under WD conditions (Fig. 10A) . Under MWD conditions, the transpiration rate response was negatively correlated with HSP70 expression (r = 20.70, P = 0.0012) and positively correlated with NDL1 expression (r = 0.72, P , 0.001). Under SWD conditions, the transpiration rate response ratio was positively correlated with NDL1 expression (r = 0.63, P = 0.0048). Under MWD and SWD conditions, the water content response was positively correlated with NCED3 expression (r = 0.55, P = 0.019 and r = 0.57, P = 0.0128, respectively). Under SWD conditions, the correlation strength increased after Ga-0 was excluded from the analysis (r = 0.66, P = 0.0038). These results suggest that all three transcripts can be used as biomarkers of responses to WD.
In order to investigate whether there is any relationship between initial (WW) gene expression and morphophysiological responses to WD, we repeated the correlation analysis using gene expression levels measured under WW conditions. The analysis revealed strong relationships between NDL1 and CHS expression levels and the response ratio of projected rosette area (Fig. 10B) . NDL1 expression was positively correlated with projected rosette area under SWD conditions (r = 0.59, P = 0.0093). CHS expression was negatively correlated with projected rosette area under MWD (r = 20.51, P = 0.03) and SWD (r = 20.63, P = 0.0051) conditions. The projected rosette area response was slightly correlated with GA2OX6 expression under MWD conditions (r = 0.55, P = 0.02). The transpiration rate response ratio under MWD (r = 20.65, P = 0.0035) and SWD (r = 20.56, P = 0.015) conditions was negatively correlated with MYB44 expression under WW conditions. The expression levels of several genes also were associated with flowering time and plant size (rosette dry weight) under WW conditions. These results suggest that morphophysiological responses to WD may be driven not only by changes in the expression of the specific genes but also by transcript abundance in the period before the application of WD. The results of all bivariate correlations are presented in Supplemental Figures S3 and S4 .
DISCUSSION
Food security under global climate change will depend on the availability of crop cultivars that tolerate WD (Tuberosa, 2012) . Thus, it is essential to expand our understanding of plant responses to water stress conditions, including stress acclimation. Moderate or severe reductions in soil water content, such as the conditions during prolonged drought, markedly affect plant growth, morphology, physiology, and gene expression. Here, we identified accessions with different responses to MWD and/or SWD and elucidated the effects of different WD regimes on multiple plant traits. These analyses identified several relationships linking gene expression with morphophysiological acclimation to WD in Arabidopsis.
Morphophysiological and Molecular Responses to WD Vary among Accessions
The 18 accessions used in this study were selected according to their different ANN1 transcript levels. The accessions also differed greatly in size. Previous studies described allometric scaling in vascular plants, which is the dependence of morphophysiological traits on organism size (Reich et al., 2006; Vasseur et al., 2012; Vile et al., 2012) . Here, we observed that multiple morphophysiological traits were correlated across accessions (Supplemental Fig. S2 ). Mutual correlations between size-related morphological traits and flowering time do not require explanation; however, allometric scaling also applied to transpiration rate, rosette water content, and leaf dry matter content. These effects may be due to Table S4. relationships between allometric changes, tissue construction constraints, and leaf functioning. Allometric effects also were observed on gene expression levels in response to the different watering regimes, which might arise from differences in gene expression levels between tissues (Supplemental Figs. S3 and S4) .
PCA of absolute values of morphophysiological traits revealed a general pattern of more pronounced response to SWD than MWD (Fig. 4A) . However, the first two principal component axes remained uncorrelated despite mutual correlations between traits. The lack of parallelism between trends observed for groups with different watering regimes arose from the high correlation between transpiration rate response and plant size (Supplemental Fig. S5 ). Negative correlations between the changes in transpiration rate in response to SWD and MWD and plant size under WW conditions suggested that larger-sized accessions need to reduce water loss per unit area to a greater extent than smallersized accessions to maintain an acceptable leaf water potential during WD acclimation (Supplemental Fig.  S5 ). Contrary to the observations of Vile et al. (2012), we did not observe strong correlations between rosette dry weight under WW conditions and its response ratio under MWD conditions; however, under SWD conditions, the correlation was close to statistical significance (r = 20.46, P = 0.054). Our analysis of response ratios instead of absolute trait values was motivated by two considerations: allometric effects on plant traits and a strong accession effect on many traits, which often exceeded the effect of soil water content (Table II) . Unsurprisingly, PCA of response ratios confirmed that plant responses were more pronounced under SWD than MWD conditions, and rosette size and water status were the main parameters differentiating plants with respect to MWD and SWD (Fig. 4B) . PCA also revealed the high degree of variability in plant responses to WD among accession groups. Ludlow (1989) proposed that plant strategies to cope with WD effects include avoidance (maintenance of high rosette water content), tolerance (ability to grow under reduced rosette water content), and escape (adjustment of life cycle length to minimize exposure to WD). Our observed accession clustering pattern, especially on the PC1:PC2 plane, suggested that accessions from the first cluster prevented excessive water loss, which is indicative of the avoidance strategy. Accessions from the second cluster continued growing despite reduced water content, thereby displaying moderate tolerance to WD. Accessions from the third cluster, including An-1 and Est-1, displayed extreme tolerance to WD conditions. This result is consistent with previous studies describing An-1 and Est-1 as tolerant to WD (Granier et al., 2006; Vile et al., 2012) . Furthermore, we also observed that the accession Ga-0 did not display severe size reduction despite considerable reductions in rosette water content and leaf dry matter content under SWD conditions. Thus, we consider that Ga-0 also responds as tolerant to WD, and this accession should be included in future studies.
Gene expression analyses of the 18 accessions indicated that few transcripts responded to WD in a systematic manner, and often the one-directional response trend was clear only for one of the WD regimes (Fig. 5) . This may suggest that acclimation to different levels of WD severity requires the activation of different molecular mechanisms. This hypothesis should be tested in future experiments using high-throughput methods such as transcriptome profiling. Most of the observed transcripts responded to WD with down-or up-regulation depending on the accession, which was reported previously by other researchers. Wang et al. (2013) subjected Sha, Ler-1, and Col-0 accessions to salt treatment and identified a set of differentially expressed genes. Cold treatment also induced differential gene expression among accessions, and variations in expression levels were ascribed to polymorphic regions in gene promoters (Barah et al., 2013) . Mild progressive WD also induced similar effects (Des Marais et al., 2012) . Lasky et al. (2014) suggested that the presence/absence of ABA response element motifs in gene promoters could be responsible for fine-tuning gene expression responses to abiotic stress and is a major factor influencing phenotypic plasticity. However, it was recently reported that the impact of gene 3 environment interaction on gene expression levels is mostly regulated in trans, while expression changes independent of the environment are regulated in cis (Clauw et al., 2016) . Harb et al. (2010) suggested that acclimation to constant WD results from the stabilization of cellular metabolism as well as from new hormonal homeostasis settings. Therefore, it is possible that the final status quo of biologically active molecules varies among accessions, which may be reflected in their transcriptional responses.
Morphophysiological and Molecular Responses to WD Are Closely Related
Relationships between morphophysiological and gene expression responses to WD in Arabidopsis accessions were investigated previously by Des Marais et al. (2012) . They performed transcriptome profiling of 17 accessions that were subjected to mild progressive soil drying for 7 d and then conducted PCA to evaluate the results. They reported statistically significant correlations between principal components for gene expression responses and several morphophysiological traits, including specific leaf area and leaf carbon isotope composition. Clauw et al. (2015 Clauw et al. ( , 2016 performed similar studies using young developing leaves. Although these studies generated massive amounts of transcriptomic data, they utilized relatively short WD acclimation periods and did not report specific relationships between gene expression and morphophysiological responses. Here, we implemented a long WD acclimation period before the measurements and focused on the relationships between a large set of morphophysiological traits and a selection of genes.
We identified several new correlations between molecular and morphophysiological responses, which may broaden our current understanding of plant acclimation to WD. The response ratio of projected rosette area was most highly correlated with the response ratios of NDL1, GA2OX6, and CHS expression (Fig. 8) . These three genes are indirectly related to plant growth. NDL1 physically interacts with REGULATOR OF G-PROTEIN SIGNALING1 and the GTP-BINDING PROTEIN BETA1 subunit of the heterotrimeric G-protein and regulates auxin transport in roots and shoots (Mudgil et al., 2009 (Mudgil et al., , 2013 . NDL1 gene expression is regulated by sugar and light (Mudgil et al., 2009; Hummel et al., 2010) . Low sugar content was related to low biomass in Arabidopsis, and sugars were postulated to be involved in growth regulation (Sulpice et al., 2009 ). GA2OX6 encodes a GA 2-oxidase that catalyzes the reduction of GA levels and leads to DELLA protein stabilization (Skirycz and Inzé, 2010; Colebrook et al., 2014) . DELLA proteins modulate gene transcription patterns and reduce cell proliferation and cell expansion in response to suboptimal environmental conditions (Skirycz and Inzé, 2010; Davière and Achard, 2013) . Low GA2OX6 levels indirectly lead to reduced inhibition of growth under WD conditions. CHS encodes a key enzyme in flavonoid biosynthesis. Flavonoids act as regulators of auxin transport and, thereby, affect plant growth (Brown et al., 2001; Besseau et al., 2007) . The correlations between the responses of NDL1, CHS, and GA2OX6 expression and the response of projected rosette area support the central role of auxin and GA signaling in growth regulation upon WD. These transcripts may have potential as biomarkers to determine the rate of growth retardation upon WD.
The response of the transpiration rate was correlated with the response ratios of ANN2 and MYB44 expression (Fig. 9) . Two annexins (ANN1 and ANN4) were reported previously to be associated with transpiration (Huh et al., 2010) . Water loss from cut rosettes was reduced in ann1ann4 double knockout mutants due to enhanced stomatal responses to ABA. To the best of our knowledge, the response of ann2 knockout mutants to WD has not been studied. Wang et al. (2015) described functional redundancy between ANN1 and ANN2 in heat-mediated calcium signaling. ANN2 also may be involved in regulating stomatal movements. We observed that the response ratio of the transpiration rate also was correlated with the response ratio of MYB44 expression. MYB44 is a member of the MYB transcription factor family and is expressed in leaf vasculature and guard cells. Plants overexpressing MYB44 were reported to display rapid ABA-induced stomatal closure and reduced transpiration compared with wildtype plants (Jung et al., 2008) . Our results suggest that, under constant WD conditions, changes in ANN2 and MYB44 expression levels are proportional to the reduction in water loss through stomata and may hold potential as biomarkers for this component of acclimation to WD.
One of the most interesting correlations identified in this study was the relationship between the response ratios of rosette water content and NCED3 expression (Fig. 9C) . These responses were positively correlated under both MWD and SWD. In this study, NCED3 was coexpressed with the ABA-induced genes RAB18 (under MWD) and RD29A (under MWD and SWD conditions; Fig. 6A ). These combined results provide further confirmation of the links between all three transcripts with ABA-mediated responses to WD.
Gene Expression as a Marker and Predictor of Morphophysiological Responses to WD
The discovery of easily measurable traits for predicting plant behavior is one of the main goals of ecophysiology (Vile et al., 2006 Violle et al., 2007) . Several studies searched for biomarkers (transcripts) that can be used to assess the physiological state of a plant using high-throughput and candidate-gene approaches (Yang et al., 2011; Rengel et al., 2012; Marchand et al., 2013) . We observed a strong relationship between relative NCED3 expression levels during MWD and SWD and the response ratios of water content and leaf dry matter content ( Fig. 10A;  Supplemental Fig. S3 ). This suggests that the accumulation of NCED3 transcripts can be used as a marker for the water status response when studying natural variation in Arabidopsis. NCED3 expression also was correlated with water content under WW conditions (r = 0.69, P = 0.0017). The question of whether higher NCED3 expression levels directly prevent leaves from losing water requires further study. However, silencing of NCED3 expression increased the transpiration rate and reduced plant tolerance to severe dehydration, whereas ectopic NCED3 expression enhanced plant tolerance to severe dehydration (Iuchi et al., 2001) . We also observed correlations between NDL1 and HSP70 expression levels and the response ratio of transpiration rate under WD conditions (Fig.  10A) . However, this observation might be biased by the allometric scaling effects on these three parameters ( Fig.  6B; Supplemental Fig. S3 ).
We identified a number of relationships with differing strengths between gene expression levels under WW conditions and the morphophysiological responses ( Fig. 10B; Supplemental Fig. S4 ). The response of projected rosette area correlated with the expression levels of CHS, NDL1, and (to some extent) GA2OX6. The response ratio of the transpiration rate correlated with HSP70 and MYB44 expression. The observation that the response ratios of CHS, GA2OX6, NDL1, and MYB44 expression levels correlated with the response ratios of respective morphophysiological traits raised a question about the effect of initial gene expression levels on changes in gene expression during WD acclimation. We observed that WD-induced changes in the expression levels of several genes were negatively correlated with their expression levels under WW conditions (Supplemental Fig. S6 ). The highest correlations observed under SWD conditions were with NDL1 (r = 20.84, P , 0.001) and PIP1;4 (r = 20.798, P , 0.001) expression, suggesting that the response at the transcript level was partially dependent on the quantity of the specific mRNA molecule under control conditions. It is known that the expression levels of certain genes in the early stages of development can be used to predict the growth parameters of fully grown maize (Zea mays) plants (Baute et al., 2015) . We propose that the abundance of a specific transcript before the plant encounters WD may shape the plasticity of the morphophysiological responses. A similar observation was reported in studies on plant stress memory, which showed the central role for ABA signaling in this process (for review, see FletaSoriano and Munné-Bosch, 2016 and Viirlouvet and Fromm, 2005) . In this regard, it is worth noting that MYB44 was characterized previously as a WD memory gene (Ding et al., 2013) .
We could not exclude that the expression of some stress-responsive genes also was triggered under WW conditions. Plant growth and physiology are influenced by a plethora of factors. The An-1 accession is usually described in the literature as a small plant that does not respond to WD (Granier et al., 2006; Bouchabke et al., 2008) . However, Clauw et al. (2015) reported that An-1 displayed a significant response to the WD conditions applied in their study. Consecutive expression of stressresponsive genes leads to reduced growth rate and final biomass (Todesco et al., 2010; Miller et al., 2015) . We observed a negative correlation between NDL1 (r = 20.61, P = 0.0087) and P5CS1 (r = 20.61, P = 0.0079) expression levels and plant size under WW conditions (Supplemental Fig. S4 ). We cannot exclude the effects of allometric scaling on gene expression; however, it is possible that activation of these and other genes might have led to reductions in plant growth under WW conditions.
CONCLUSION
We analyzed the morphophysiological and gene expression responses of 18 Arabidopsis accessions to two severities of constant soil WD. Multivariate analyses grouped accessions into clusters showing different strategies for coping with WD conditions. Three accessions (An-1, Est-1, and Ga-0) had superior tolerance to WD. We also obtained a simplified profile of stressresponse gene expression and identified correlations between morphophysiological and gene expression responses. Strong relationships between gene expression under WW conditions and morphophysiological responses to WD also were identified. From a basic science point of view, this study has identified previously unknown correlations between gene expression levels and morphophysiological acclimation to prolonged WD and demonstrated a putative link between initial gene expression levels and WD responsiveness. The results point to the potential of using gene expression levels as a predictor of morphophysiological WD responses, which would be particularly useful for breeders because it would not be necessary to apply WD during the process of cultivar selection. Marchand et al. (2013) created linear models for assessing water status on the basis of gene expression in sunflower (Helianthus annuus) plants. We applied a simplified version of their pipeline to select transcripts (see Supplemental Methods S1), and obtained sets of expression-based models to predict the response ratios of all morphophysiological traits (Supplemental Fig. S7 ). For example, predicting the response of final biomass to WD based on the expression levels of five genes under WW conditions showed a very good fit ( Supplemental Fig. S8) ; however, larger sets of observations will be required to demonstrate its generality or specificity with regard to the conditions used in this study. The identification and development of expression-based predictors for use in crop breeding programs, however, is a potentially promising strategy that will be elucidated further in future studies.
MATERIALS AND METHODS
Plant Material
Eighteen Arabidopsis (Arabidopsis thaliana) accessions (Na-1, Sha, Kas-1, Ak-1, Col-0, Ga-0, Ler-1, Bay-0, Est-1, Mt-0, Cvi-0, Ct-1, Or-0, Mr-0, Nok-1, Bla-5, Agu-1, and An-1) were used for this study. The main selection criterion was the expression level of the drought-response marker ANN1, which was analyzed and quantified during a preliminary experiment (KonopkaPostupolska et al., 2009; Lu et al., 2015) . Seedlings of 94 accessions derived from three different collections (McKhann, Weigel, and Nordborg) were screened during that preliminary experiment and provided data on the extremely high and low levels of ANN1 mRNA. The results were used to select six accessions with high ANN1 expression levels and six accessions with low ANN1 expression levels (Supplemental Table S1 ; Supplemental  Fig. S1 ). The set was completed by six accessions with moderate ANN1 expression levels, which displayed contrasting behaviors in previous studies of plant responses to WD (Granier et al., 2006; Vile et al., 2012) . deficit, and air temperature set to 20.8°C. Pots were sprayed with deionized water three times per day until germination. Soil water content was adjusted to 0.35 g water g 21 dry soil in every pot after germination. After emergence of the first two true leaves (stage 1.02 [Boyes et al., 2001] ), soil water content was automatically maintained at 0.35, 0.2, and 0.15 g water g 21 dry soil depending on the WD treatment, namely, WW, MWD, and SWD, by daily adjustment with one-tenth-strength Hoagland nutrient solution (Fig. 1) . Field water capacity of the substrate was determined to be 0.78 g water g 21 dry soil (Granier et al., 2006) ; thus, WW, MWD, and SWD conditions represented 45%, 26%, and 19% of the field water capacity, respectively. After emergence of the fourth leaf, only one plant was left in each pot, giving eight biological replicates per accession per treatment.
Measurement of Plant Traits
Projected Rosette Area and Growth Rate
Visible light images of each pot were automatically taken once per day during the whole period of the experiment. Images were processed using ImageJ software (Schneider et al., 2012) to extract projected rosette areas during the course of the experiment. Growth rate was calculated by fitting a sigmoidal curve (Gompertz function) after extraction of the maximal slope value using the gcFitModel function from the R/grofit package (Kahm et al., 2010) .
Infrared Imaging
Leaf temperature was measured using an infrared camera (FLIR SC645; FLIR Systems) fitted on the PHENOPSIS robotized arm during 3 consecutive days at bolting (stage 5.10). A thin sheet of cigarette paper was suspended under the camera lens to account for ambient temperature. The leaf temperature value for each plant was calculated as a mean of six regions of interest on the rosette, which was corrected with respect to the ambient temperature in close proximity to the rosette.
Gravimetric Transpiration Measurement
To evaluate the whole-plant transpiration rate, six to eight pots per accession per treatment were sealed at bolting (stage 5.10) with four layers of polyethylene film placed between the rosette and the soil surface to eliminate evaporation from soil. Then, the pots were automatically weighed twice during the night and twice during the day for 3 consecutive days. The transpiration rate was calculated as averaged water loss normalized by averaged projected rosette area during the period of measurement.
Stomatal Density Measurement
The second largest leaf of each rosette was collected from three to four biological replicates after the appearance of the first flower (stage 6.00). For each accession and in each treatment, this leaf had reached its final area. Epidermal imprints were taken from the leaf abaxial side using nail polish. Approximately 1,000 stomata per leaf were counted with the microscope (Eclipse E-800; Nikon) and normalized by the unit of area. Leaves from the late-flowering accessions (Mr-0, Bla-5, Kas-1, Agu-1, and Nok-1) were collected approximately 2 months after sowing.
RNA Extraction and Gene Expression Analyses
After the appearance of the first flower (stage 6.00), the largest leaf was harvested from three to four biological replicates during the last dark hour before the light came on in the growth chamber. The leaf was frozen rapidly in liquid nitrogen. Leaves from the late-flowering accessions were collected approximately 2 months after sowing. Total RNA was extracted using a modified guanidinium-phenol-chloroform protocol (Chomczynski and Sacchi, 1987) , treated with DNase1 (ThermoFisher Scientific), and subjected to reverse transcription using random hexamer primer and the RevertAid First-Strand cDNA Synthesis Kit (ThermoFisher Scientific). Gene expression analysis via reverse transcription-qPCR was performed using the LightCycler480 instrument and the LightCycler480 SYBR Green I Master Kit (Roche). Relative gene expression levels were determined using a standard curve method, and the value for each target gene was then normalized against the mean of expression values of four reference genes. Genes were chosen using publicly available data from microarray experiments and the literature. The expression of all selected genes responded to the treatments in a large portion of available microarray experiments associated with dehydration, salinity, and hormonal treatments. Primers were designed in the coding sequence regions with the lowest possible number of single-nucleotide polymorphisms. Primers for qPCR used in the study are listed in Supplemental Table S3 Other Destructive Analyses Whole rosettes of four to five biological replicates were harvested after the appearance of the first siliques, and rosette fresh weights were determined. Leaves from late-flowering accessions were collected approximately 2 months after sowing. Detached rosettes were kept in deionized water for 24 h at 4°C, and their water-saturated weights were determined. Individual leaves were then attached to a sheet of paper and scanned for subsequent determination of the final leaf number and calculation of the total leaf area using ImageJ software. Dry weights of laminas and petioles were obtained after drying for 72 h at 80°C. Rosette dry weight was expressed as the sum of lamina and petiole dry weights. Rosette water content was calculated as the ratio of the absolute rosette water content and the rosette fresh weight. Relative water content was calculated as the ratio of the absolute rosette water content and maximal (water-saturated) rosette water content. The leaf dry matter content was calculated as the ratio of the dry and water-saturated weights of laminas. All physiological traits used in the experiment are listed in Supplemental Table S4 .
Data Analysis
Differences in average trait values between watering conditions were analyzed with ANOVAs, with accession and soil water content as the interactive factors, and with Dunnett's posthoc test, where appropriate. Response ratios were used to illustrate the behaviors of all studied accessions. Response ratios between WW and WD conditions were calculated as follows:
Response ratio ¼ ln mean value ½WD mean value ½WW where WD can be MWD or SWD. For consistency, the response ratios of gene expression also were ln transformed instead of the canonical log 2 transformation. For their calculation, two of the closest replicates were used out of three, for better precision. PCAs were performed on the averaged absolute trait values and their response ratios to determine relationships between the traits and effects of the environmental conditions. The statistical significance of multivariate differences between treatments was tested using the Monte-Carlo permutation test (randtest.between function in the R/ade4 package [n = 999]; Dray and Dufour, 2007) . k-means clustering was performed on PCA coordinates to identify groups of accessions that responded to WDs in a similar way. Bivariate relationships between the responses to WD in terms of gene expression and morphophysiological traits were investigated using both Spearman's (r) and Pearson's (r) correlation tests depending on the distribution and linearity assumptions. All statistical analyses were performed in R version 3.2.3 (R Core Team, 2016) . Calculated means of trait values and their response ratios are available in Supplemental Data Set S1.
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers RD29A, AT5G52310; RAB18, AT5G66400; APX1, AT1G07890; GPX3, AT2G43350; HSP70, AT3G12580; P5CS1, AT2G39800; NCED3, AT3G14440; CHS, AT5G13930; NDL1, AT5G56750; P450, AT3G03470; GA2OX6, AT1G02400; MYB44, AT5G67300; NFYA5, AT1G54160; PIP1;4, AT4G00430; ANN1, AT1G35720; ANN2, AT5G65020; PP2A, AT1G13320; PEX4, AT5G25760; UPL7, AT3G53090; YLS8, AT5G08290.
Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1 . Relative ANN1 expression levels in 7-d-old seedlings of 94 Arabidopsis accessions normalized against PEX4.
Supplemental Figure S2 . Bivariate correlations between the values of morphophysiological traits under WW, MWD, and SWD conditions.
Supplemental Figure S3 . Bivariate correlations between the relative gene expression levels from WD conditions and response ratios of morphophysiological traits under MWD and SWD conditions.
Supplemental Figure S4 . Bivariate correlations between the relative gene expression levels from WW conditions and response ratios of morphophysiological traits under MWD and SWD conditions.
Supplemental Figure S5 . Bivariate correlations between the absolute values from WW conditions and response ratios of morphophysiological traits under MWD and SWD conditions.
Supplemental Figure S6 . Bivariate correlations between gene expression levels under WW conditions and their response ratios under MWD and SWD conditions.
Supplemental Figure S7 . Modeling of the morphophysiological responses to MWD and SWD conditions based on gene expression under WW conditions.
Supplemental Figure S8 . Scatterplot demonstrating relationships between the measured and predicted response ratios of rosette dry weight under MWD and SWD conditions.
Supplemental Table S1 . Geographic origins of the selected Arabidopsis accessions.
Supplemental Table S2 . Morphophysiological trait loadings in PCA.
Supplemental Table S3 . Transcripts analyzed in the study.
Supplemental Table S4 . Morphophysiological traits used in the study.
Supplemental Data Set S1. Raw, averaged, and response ratio values of all measured variables.
Supplemental Methods S1. Linear modeling methodology.
